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Abstract: Designing plasmonic hollow colloids with small interior nanogaps would allow exploiting structural properties normally linked to an ensemble of particles but within a single nanoparticle. Here we report a synthetic approach for constructing a new class of frame nanostructures. Fine control over the galvanic replacement reaction of Ag nanoprisms with Au precursors gave unprecedented Au particle-in-a-frame nanostructures with well-defined sub-2 nm interior nanogaps. The prepared nanostructures exhibited superior performance in applications, such as plasmonic sensing and surface-enhanced Raman scattering, over their solid nanostructure and nanoframe counterparts. This highlights the benefit of their interior hot spots, which can highly promote and maximize the electric field confinement within a single nanostructure.
Au hollow nanostructures have been the subject of considerable research attention because of their unique physicochemical characteristics, including tunable localized surface plasmon resonance (LSPR) properties in the visible to near-infrared (NIR) regions and pronounced catalytic activity associated with their high surface to volume ratio, which distinguish them from their solid counterparts.[1-3] In particular, the enhanced plasmonic function of Au hollow nanostructures, which is imparted by their interior gaps that can amplify electromagnetic (EM) field (intraparticle hot spots), could allow a wide range of applications, such as LSPR sensing, surface-enhanced Raman scattering (SERS), and plasmonic photocatalysis.[4-7]
To date, various morphologies of Au hollow nanostructures, such as nanocages, nanoboxes, spherical nanoshells, and nanoframes (NFs), have been developed.[2,7-16] Among them, Au NFs have been of particular interest due to their open structures, which can give rise to high sensitivity in LSPR sensing as well as improved catalytic activity compared to nanoboxes and nanoshells with enclosed surfaces.[7,8] Au NFs have commonly been prepared by the galvanic replacement reactions of sacrificial-template nanostructures with Au precursors. The maneuvered dealloying of alloyed nanostructures and the site-selective metal deposition onto growing nanostructures could lead to the formation of NFs with controlled compositions and morphologies.[2,3,12-16] However, improving the plasmonic performance of Au NFs, such as SERS activity, is still issued because of their relatively large interior gaps compared to highly active plasmonic nanogap structures.[11] In addition, unlike solid nanostructures, aggregating Au NFs has proved to be ineffective to the enhancement of their plasmonic function due to the trade-off between the interior EM field and interparticle plasmon field coupling.[7,17] Indeed, there are many efforts to improve the plasmonic performance through the formation of interior nanogaps in hollow nanostructures.[4,18-20] However, almost reported nanostructures with interior nanogaps are enclosed hollow nanostructures. Accordingly, to fully harness the structural benefits of NFs in plasmonic applications, it is highly desirable to devise Au NFs with small interior nanogaps. 
Here, we introduce a new class of NFs that possess sub-2 nm interior nanogaps (average gap size = 1.0 nm), namely “particle-in-a-frame” nanostructures (PIAFs), in which spherical Au nanoparticles (NPs) are confined within triangular Au NFs. Fabrication of the unprecedented Au PIAFs was accomplished by establishing elaborate control over the galvanic replacement reaction of Ag nanoprisms with Au precursors. The prepared Au PIAFs showed both improved LSPR sensing sensitivity and high SERS activity thanks to the strong EM field localized at their interior nanogaps, which was corroborated by finite difference time domain (FDTD) simulations and single-particle scattering and SERS studies. 
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Figure 1. (a) SEM image of Au PIAFs. Au PIAFs containing one inner NP are marked by orange circles. Inset shows the TEM-determined distribution of the number of inner NPs per Au PIAF. (b) TEM image of Au PIAFs containing one inner NP. (c) HAADF-STEM image and corresponding EDS elemental mapping image of an Au PIAF (scale bar = 10 nm). (d) TEM images of samples collected at different reaction times during the formation of Au PIAFs: (d1) 0, (d2) 5, (d3) 60, (d4) 300 s. Scale bars indicate 20 nm. (e) Schematic illustration of the growth mechanism of Au PIAFs.
The Au PIAFs were prepared by the controlled galvanic replacement of Ag nanoprisms (average edge length = 35 nm) with Au precursors at 0 °C in the presence of KI, poly(vinyl pyrrolidone) (PVP), and ascorbic acid (AA) [see the Supporting Information (SI) for synthesis details]. Figure 1a shows a typical scanning electron microscopy (SEM) image of the product, demonstrating the high-yield synthesis of PIAFs. Transmission electron microscopy (TEM) analysis of the products confirmed that more than 90% of the prepared nanostructures were PIAFs and about half of the PIAFs contained one inner NP (inset of Figure 1a and Figure S1 in the SI). A representative TEM image of PIAFs containing one inner NP is shown in Figure 1b. The average edge length and thickness of the outer frames of the PIAFs were 48.8 ± 4.9 and 12.5 ± 2.9 nm, respectively, and the average size of the inner NPs was 11.0 ± 1.5 nm (Figure S2a-c in the SI). Notably, the prepared Au PIAFs contained sub-2 nm interior nanogaps with an average size of 1.0 nm between their inner NPs and outer frame (Figure S2d in the SI). The high-angle annular dark-field scanning TEM (HAADF-STEM) image and corresponding energy dispersive X-ray spectroscopy (EDS) elemental mapping image of a PIAF in Figure 1c indicate the successful conversion of Ag nanoprisms to Au PIAFs. The EDS-determined Au composition of the prepared PIAFs was 95%. The Z-average size of the Au PIAFs in solution, which was determined by the dynamic light scattering method, was 72.3 nm (polydispersity index = 0.316).
Notably, the intrinsic structure of the prepared Au PIAFs was preserved even after prolonged sonication and exposure to a strong oxidative agent, such as H2O2 (Figure S3a,b in the SI). The high structural stability of the Au PIAFs can be attributed to the van der Waals interactions between the inner NPs and the outer frame, which is mediated by remnant PVP.[21] The presence of residual PVP in the Au PIAFs was identified by Fourier transform infrared (FTIR) spectroscopy measurements (Figure S4 in the SI). In fact, when the Au PIAFs were treated with an excessive amount of NaBH4, which is known to have PVP removal capability,[22] the inner NPs were separated from the outer frames (Figure S3c in the SI), while the Au PIAFs almost maintained their structure after treatment with a small amount of NaBH4 (Figure S3d in the SI). Since the inner NPs are confined within the frames during the formation of the Au PIAFs and small interior nanogaps are present between the inner NPs and outer frame, the strong short-range attractive interactions associated with van der Waals forces can be induced between the inner NPs and the outer frame of the Au PIAFs.[23,24]   
The structural evolution from Ag nanoprisms to Au PIAFs was investigated by monitoring the TEM images of samples collected at different reaction times. Figure 1d shows the representative TEM images of nanostructures grown at the different growth stages of the Au PIAFs. At the initial stage, the nucleation and growth of Au proceeded over the Ag nanoprism seeds through the reduction of Au precursors by galvanic replacement (Figure 1d2). Notably, coalescence between Au nanoparticulate segments was observed to occur preferentially at the edge and corner areas of the Ag nanoprism seeds. This may be due to their higher surface energy compared to other regions (vide infra). The initially formed nanostructures then evolved into PIAFs via the further growth of nanoparticulate segments (Figure 1d3,4), which can be supposed to be progressed by the reduction of remaining Au precursors and Ostwald ripening. Based on these results, we can propose the evolution process of the Au PIAFs, as shown in Figure 1e.  
The structural parameters of the Au PIAFs, such as the thickness of the outer frames, could be finely tuned by adjusting the amount of Ag nanoprism seeds. As the amount of Ag nanoprisms increased, the thickness of the outer frames of resultant Au PIAFs decreased. As shown in Figure 2, when 0.6, 0.8, and 1.2 mL of Ag nanoprism seed solution was used in the synthesis (standard protocol = 1 mL), Au PIAFs with an average frame thickness of 13.5, 13, and 12 nm were produced, respectively. As abovementioned, the average frame thickness of the Au PIAFs prepared with the standard protocol was 12.5 nm. The average gap sizes between the inner NPs and the outer frame of the Au PIAFs prepared with 0.6, 0.8, and 1.2 mL of Ag nanoprism seed solution were 0.8, 0.9, and 1.7 nm, respectively.
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Figure 2. (a,d,g) SEM images, (b,e,h) TEM images, and (c,f,i) TEM-determined distributions of the frame thickness of Au PIAFs prepared with (a-c) 0.6, (d-f) 0.8, and (g-i)1.2 mL of Ag nanoprism seed solution.
Recently, we developed a series of synthesis methods to produce colloidal clusters of Au NPs and (Au core)@(metal, metal oxide, or metal sulfide) core-shell NPs with well-defined topological parameters, based on the galvanic replacement of Ag nanoprisms with Au precursors.[21,25-27] In these methods, the decreased reduction potential of the Au precursors rendered by the AA-induced pre-reduction of Au(III) to Au(I) as well as the complex formation between Au precursors and I- ions, the use of PVP and citrate as stabilizers, and the employment of excessive amounts of Au precursors compared to Ag can lead to the formation of NP clusters consisting of several tens of constituent NPs. We devised the preparation route to generate the desired Au PIAFs based on these previous findings. In fact, unlike the previous methods, which produced NP clusters, to prepare the Au PIAFs, we conducted the galvanic replacement reactions at 0 °C without the use of citrate. This approach was based on the expectation that the removal of citrate in the growth solution would facilitate the bonding between the initially formed Au nanoparticulate segments, since citrate has been demonstrated to protect growing NPs in clusters from agglomeration.[26] In line with our expectation, Au PIAFs were successfully produced under the present synthesis conditions. Indeed, when the reaction was performed in the presence of citrate and other experimental conditions were preserved, NP clusters were produced instead of PIAFs (Figure S5 in the SI). From the observation of defect planes in the prepared Au PIAFs (Figure S6 in the SI), it can be posited that the bonding between nanoparticulate segments during the formation of Au PIAFs proceeds through the so-called defect-mediated bonding pathway.[28] In addition to the exclusion of citrate from the reaction, galvanic replacement at 0 °C is also critical to generate Au PIAFs. Notably, the same reaction performed at room temperature yielded incomplete PIAFs, and at elevated temperatures, even NP clusters were produced (Figure S7 in the SI). Given that the kinetics of galvanic replacement will be governed more by the surface energy of sacrificial nanostructures as the reaction temperature decreases,[29] the formation of well-defined Au PIAFs at 0 °C can be attributed to the faster kinetics of galvanic replacement at the high surface energy sites of the sacrificial Ag nanoprisms, such as edges and corners,[13] compared to other areas, which will lead to the generation of the initial frame structures (Figure 1d2). Besides, as in the synthesis of Au NP clusters, decreasing the reduction potential of Au precursors with the use of AA and KI and employing excessive amounts of Au precursors compared to Ag are indispensable to the formation of Au PIAFs. When the reaction was conducted in the absence of AA and/or KI or with a smaller relative amount of Au precursors to Ag (Au:Ag = 7.2:1) compared to the standard synthesis (Au:Ag = 10:1), Au PIAFs were not synthesized (Figure S8 in the SI).     
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Figure 3. (a) Extinction spectrum of Au PIAFs in water. (b) FDTD-simulated extinction spectra of a model spherical Au NP (red), triangular Au NF (blue), and Au PIAF (purple) obtained by the excitation of each nanostructure with in-plane polarized light. The insets show the simulated charge distributions at the respective resonance wavelengths. (c) Dark-field scattering spectra of single Au PIAF and NF on glass substrates. (d) Dark-field micrographs of single Au PIAF (top) and NF (bottom). The insets show the high-magnification dark-field images of the nanostructures (scale bar = 200 nm). (e) SERS spectra of 4-NBT obtained with single Au PIAF and NF with a λex of 633 nm. (f) FDTD-simulated log(|E|2/|E0|2) distributions around a model Au PIAF (top) and NF (bottom) with a λex of 633 nm. The scale bars indicate 20 nm.
The prepared Au PIAFs showed characteristic LSPR spectral features arising from their PIAF topology. As shown in Figure 3a, two distinct LSPR peaks centered at 534 and 811 nm were identified in the extinction spectrum of the Au PIAFs in water. To interpret the LSPR peaks of the Au PIAFs, the extinction spectra of a model Au PIAF, inner Au NP, and outer Au NF were calculated by FDTD simulations (Figure 3b). In addition, the extinction spectra of model Au PIAFs containing 2 and 3 inner NPs were also simulated with the FDTD method (Figure S9 in the SI). The geometric model for each structure was built based on the experimentally determined average edge length, inner NP size, interior nanogap size, and frame thickness of the Au PIAFs. From the calculated extinction spectra of the model structures and corresponding simulated charge distributions at the respective resonance wavelengths, it can be corroborated that the LSPR peaks of the Au PIAFs correspond to the collection of coupled plasmon modes between the dipole plasmon modes of the inner NPs and outer frames.[30,31] 
To further verify the plasmonic coupling between the inner spherical NP and the surrounding Au NF, we measured the dark-field scattering spectra and SERS response of a single Au PIAF, benchmarking it against the Au NF counterpart (Figure 3c-e). Single-particle spectroscopy is a powerful tool for interpreting the physicochemical phenomena precisely in nanoparticle systems.[32,33] This technique allows to aid identifying unambiguously the plasmonic response of the Au PIAF avoiding interparticle coupling effects (i.e. external hot spots). For these measurements, samples were purified by centrifugation, redispersed in deionized water, and finally spin-coated on a cleaned glass slide. Dark-field microscopy images revealed a well-dispersed amount of single nanostructures on the surface (Figure 3d).  By dark-field spectroscopy, we later acquired single particle scattering spectra on samples of both Au PIAFs and Au NFs. The single Au PIAF scattering spectrum shows two distinct LSPR peaks centered at ~530 and ~730 nm (Figure 3c). On the other hand, the scattering spectrum of the single Au NF counterpart shows only one LSPR peak centered at ~680 nm. Single particle scattering spectra obtained at different positions also showed similar results (Figure S10 in the SI). These results are in agreement with the expected response for the Au PIAF and the Au NF from their FDTD calculated spectrum (Figure 3b). Note that the slight blue shift in both scattering spectra at the single-particle level compared to their extinction and calculated spectra counterparts is due to the change in the refractive index of the surrounding media (from water to a glass/air interface).[34] In order to compare the SERS performance of Au PIAFs and NFs, we measured spectra from the same single nanostructures previously measured by dark-field spectroscopy. Figure 3e shows the SERS spectra of 4-nitrobenzenethiol (4-NBT) obtained with the Au PIAF and NF using an excitation wavelength (λex) of 633 nm. As expected, the Au PIAF exhibited a remarkably enhanced SERS signal compared to the Au NF, demonstrating the importance of interior nanogaps for improving SERS activity. FDTD-simulated EM field distributions around the model Au PIAF and NF with the λex of 633 nm show the much stronger amplification (i.e. a factor of ~ 669) of near field around the Au PIAF compared to the Au NF (Figure 3f), which is in good accordance with the experimental results.
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Figure 4. (a) Extinction spectra of Au PIAFs, NFs, NRs, and NPs in water containing different amounts of glycerol. (b) LSPR peak shifts of the different nanostructures as a function of the refractive index of the dielectric medium. (c) FDTD-simulated |E|/|E0| distributions around a model Au PIAF, NF, NR, and NP with a λex of 811, 870, 826, and 522 nm, respectively, which are the LSPR peak positions of the respective nanostructures in water. The scale bars indicate 20 nm.
To further prove that the Au PIAFs can be effective plasmonic platforms due to their small and accessible interior nanogaps, we investigated their LSPR sensing sensitivity toward changes in their dielectric medium. The results were compared with those of triangular Au NFs, Au nanorods (Au NRs), and spherical Au NPs, which are the counterparts of the individual components of the Au PIAFs (see experimental details and Figure S11 in the SI). Figure 4a shows the extinction spectra of the different nanostructures in water containing different amounts of glycerol. By adjusting the amount of glycerol in water, the refractive index of the dielectric medium could be systematically controlled: the refractive indexes of the aqueous solutions of glycerol were 1.327, 1.344, 1.355, 1.365, and 1.376 when the amounts of glycerol were 0 (pure water), 9.33, 17.85, 25.96, and 33.74 wt%, respectively.[35] As shown in Figure 4a and corresponding plots of the LSPR peak positions of the nanostructures as a function of the refractive index of the dielectric medium (Figure 4b), the LSPR peaks of the nanostructures redshifted as the refractive index of their dielectric medium increase.[34] From the plots shown in Figure 4b, the LSPR sensing sensitivity of the Au PIAFs, NFs, NRs, and NPs toward changes in their dielectric medium could be estimated to be 617, 477, 197, and 46 nm per refractive index unit. Explicitly, the Au PIAFs exhibited the highest sensitivity among the different nanostructures. Given that the LSPR peak of plasmonic nanostructures responds more sensitively to changes in their dielectric medium as the EM field density of the LSPR increases,[34,36] the pronounced LSPR sensing sensitivity of the Au PIAFs compared to the counterpart nanostructures can be attributed to highly enhanced plasmonic field due to their interior nanogaps, which can act as intraparticle hot spots. Evidently, the FDTD-simulated LSPR-induced EM field amplitude (|E|/|E0|) distribution around the model Au PIAF with the λex of 811 nm (the LSPR peak position of the Au PIAFs in water) confirms that intense near fields are concentrated around its interior nanogaps, of which maximum |E|/|E0| was 15.8, 18.6, and 57.5 times larger than those of a model Au NF, NR, and NP, respectively (Figure 4c). 
[bookmark: _GoBack]In summary, we have presented a novel synthesis strategy to realize a new class of nanoframe structures, i.e., particle-in-a-frame nanostructures, which have well-defined interior nanogaps between the constituent inner nanoparticles and outer nanoframes. The formation of the unprecedented nanostructures was made possible by fine control over the galvanic replacement of Ag nanoprisms with Au precursors. The prepared nanostructures showed promising performance in LSPR-based sensing and SERS applications due to their interior nanogaps, which give the nanostructures highly localized interior-field confinement. We envision that the present strategy can provide a new direction toward the development of efficient plasmonic platforms with interior hot spots for various applications, such as bio/chemical sensing, photocatalysis, and solar energy conversion.
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	Particle in a frame: Au particle-in-a-frame nanostructures with well-defined interior nanogaps were successfully generated through fine control over the galvanic replacement reaction of Ag nanoprisms with Au precursors. The prepared nanostructures exhibited enhanced plasmonic performance due to their interior nanogaps, which can highly promote plasmonic field.
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